Introduction {#Sec1}
============

Measurements in today's high-energy experiments have reached a new level of precision of a few percent in experimental uncertainty. In many cases in strong interactions the theoretical predictions have larger uncertainties, mainly coming from the unknown higher order corrections which can be estimated by variation of the factorization and renormalization scales.

While calculations in fixed order perturbation theory in quantum chromodynamics (QCD) even at next-to-leading (or even next-to-next-to-leading) order expansion in the strong coupling $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\alpha _\mathrm {s}$$\end{document}$ are often not sufficient, the predictions can be improved when parton showers are included to simulate even higher order corrections, as done for example with the [Powheg]{.smallcaps}  \[[@CR1], [@CR2]\] or [Mc\@nlo]{.smallcaps}  \[[@CR3]--[@CR6]\] methods. However, when supplementing a calculation of collinear initial partons with parton showers, the kinematics of the hard process are changed due to the transverse momentum generated in the initial state shower \[[@CR7]\]. This effect can be significant even at large transverse momenta, as has been discussed and shown explicitly in \[[@CR8]--[@CR10]\].

With the development of transverse momentum dependent (TMD) parton distributions, this problem can be overcome, since the transverse momentum of the initial partons can be obtained from the TMD parton distributions. The great advantage of using TMD parton densities is that a parton shower will not change the kinematics of the matrix element process, in contrast to the conventional approach of collinear hard process calculations supplemented with parton showers, and that the main parameters of the TMD parton shower are fixed with the determination of the TMD.

Already some time ago a TMD parton shower has been developed for the case of initial state gluons within the frame of the CCFM evolution equation \[[@CR11]--[@CR14]\] and implemented in the [Cascade]{.smallcaps} package \[[@CR15]--[@CR19]\]. However, TMD parton densities defined over a large range in *x*, $\documentclass[12pt]{minimal}
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                \begin{document}$$k_t$$\end{document}$ and scale $\documentclass[12pt]{minimal}
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                \begin{document}$$\mu $$\end{document}$ for all different flavors including quarks and gluons were not available until recently. In \[[@CR20], [@CR21]\] a new method for determination of TMD parton densities is described, another method to obtain TMD parton densities from collinear parton densities has been proposed in \[[@CR22]\], which we apply in the present study. In order to fully account for the potential of a TMD parton shower, the initial state kinematics for the hard process calculation should include the transverse momenta. With the development of an automated calculation of multi-leg matrix elements with off-shell initial states \[[@CR23]\] the full potential of TMD parton densities and parton showers can be explored.

In this article we will describe how the TMD parton densities can be obtained from the KMRW approach \[[@CR22]\] and how they can be used in calculations using off-shell matrix elements obtained from [KaTie]{.smallcaps} \[[@CR23]\], which is based on high-energy factorization \[[@CR24]--[@CR26]\]. The matrix elements in \[[@CR23]\] are defined in a gauge invariant manner following the approach explained in \[[@CR27]\]. For the case of heavy quark production, this method is equivalent to the construction of the matrix element in \[[@CR25], [@CR28]\].

We then describe how this matrix element calculation is supplemented with a newly developed TMD parton shower, which makes use of the TMD parton densities without changing the kinematics of the matrix element process. We illustrate the advantage of using TMD densities with off-shell matrix element calculations in an application to azimuthal de-correlations of high $\documentclass[12pt]{minimal}
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                \begin{document}$$p_t$$\end{document}$ dijet measurements at the LHC.

In Sect. [2](#Sec2){ref-type="sec"} we briefly describe the main features of the automated calculation of off-shell matrix elements with [KaTie]{.smallcaps} and Sect. [3](#Sec3){ref-type="sec"} describes the procedure to obtain the TMD parton densities with the KMRW method. In Sect. [4](#Sec4){ref-type="sec"} we describe a new development of the TMD parton shower which can be combined with the matrix element calculation via LHE files, similar to what is being used in standard methods. In Sect. [5](#Sec5){ref-type="sec"} we present a case-study of azimuthal correlations of dijets at large transverse momenta as obtained at the LHC.

Off-shell matrix element calculation and partonic cross section {#Sec2}
===============================================================

[KaTie]{.smallcaps} is a parton-level event generator for arbitrary processes within the Standard Model, with the special feature that it can generate events with space-like initial-state momenta that have non-vanishing transverse components. It produces weighted parton-level event files in the Les Houches format \[[@CR29]\], or in a custom format. For the latter, [KaTie]{.smallcaps} also provides the tools to produce distributions for arbitrary observables. It relies on LHAPDF \[[@CR30]\] for collinear PDFs and the running coupling constant, and on TMDlib \[[@CR31]\] for transverse momentum dependent PDFs. Alternatively, the latter can be provided as hyper-rectangular grids which [KaTie]{.smallcaps} itself interpolates. The hard matrix elements are calculated as the summed squares of helicity amplitudes, defined following the approach of \[[@CR27], [@CR32]\] which guarantees gauge invariance. The amplitudes are calculated numerically with recursive methods \[[@CR33], [@CR34]\] which keep the computational complexity under control, even for larger final-state multiplicities. We have checked numerically that the method of [KaTie]{.smallcaps} \[[@CR23]\] gives the same results as obtained using the off-shell calculation for $\documentclass[12pt]{minimal}
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                \begin{document}$$g^* g^* \rightarrow b \bar{b}$$\end{document}$ as given in Ref. \[[@CR25]\]. Good agreement has been also found in the case of charm production \[[@CR35]\].

A project is defined in a single user-defined input file, containing all the information about the desired center-of-mass energy, inclusive phase space cuts, and values of model parameters like particles masses and widths. If the user wants to apply TMDPDFs that are not included in TMDlib, this file must also include the paths to the files containing the hyper-rectangular grids. Finally, [KaTie]{.smallcaps} does not generate a list of partonic sub-processes itself, and the user must provide this list in the same input file.

Event generation happens in two stages. During the fist stage, the phase space sampler is optimized for each sub-process separately. This stage is very cheap in terms of CPU time compared to the second stage during which the actual event files are generated. This stage can trivially be parallelized by running several instances of the executable with different seeds for the random number generator.Fig. 1Comparison between the integrated TMD using the method of Ref. \[[@CR22]\] and the underlying collinear CT10nlo gluon PDFs \[[@CR37]\] at a scale $\documentclass[12pt]{minimal}
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                \begin{document}$$\mu =500$$\end{document}$ GeV for gluons (left) and u-quarks (right) Fig. 2Transverse momentum distribution of the TMD at a scale $\documentclass[12pt]{minimal}
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                \begin{document}$$x=0.1$$\end{document}$ (right)

TMD parton density functions {#Sec3}
============================

The complete set of transverse momentum dependent PDFs consistent with the matrix elements that we use can be obtained by applying Lipatov's effective action approach combined with the Curci--Furmanski--Petronzio method, which allows to formally define new splitting functions. The construction of a new set of evolution equations and the corresponding parton densities is still to be achieved. Only recently all the real contributions to the TMD splitting functions have been obtained \[[@CR36]\]. At present, we obtain TMD parton densities from collinear parton densities by the application of the KMRW procedure \[[@CR22]\]. In this method the $\documentclass[12pt]{minimal}
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                \begin{document}$$k_t$$\end{document}$-dependent distributions are calculated from the DGLAP equation by taking into account only the contribution corresponding to a single real emission. The virtual contributions between the scales $\documentclass[12pt]{minimal}
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                \begin{document}$$\mu $$\end{document}$ are resummed into a Sudakov factor, which describes the probability that there are no emissions.

The precise expressions for the TMD distributions read$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \mathcal {A}_i (x, k_t^2, \mu ^2) = \frac{\partial }{\partial k_t^2} [ xf_i(x, k_t^2) \, \Delta _i(k_t^2, \mu ^2) ] \end{aligned}$$\end{document}$$with the Sudakov factors for quarks$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \Delta _q(k_t^2,\mu ^2)= & {} \exp \left( -\int _{k_t^2}^{\mu ^2}\!\frac{\mathrm{d}\kappa _t^2}{\kappa _t^2}\,\frac{\alpha _S(\kappa _t^2)}{2\pi }\,\right. \nonumber \\&\times \left. \int _0^1\! {d}{\zeta }\,P_{qq}(\zeta )\Theta (1-z_M-\zeta )\phantom {\int _{k_t^2}^{\mu ^2}\frac{\alpha _S(\kappa _t^2)}{2\pi }}\right) \end{aligned}$$\end{document}$$and for gluonsHere, $\documentclass[12pt]{minimal}
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                \begin{document}$$n_F$$\end{document}$ is the active number of quark--antiquark flavours into which the gluon may split, and we set $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$n_F=5$$\end{document}$. The infrared cutoff $\documentclass[12pt]{minimal}
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                \begin{document}$$z_M~\equiv ~ \frac{k_t}{\mu +k_t}$$\end{document}$ arises because of the singular behaviour of the splitting functions $\documentclass[12pt]{minimal}
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                \begin{document}$$z=1$$\end{document}$, which correspond to soft gluon emission.
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                \begin{document}$$k_t> \mu _0$$\end{document}$, where $\documentclass[12pt]{minimal}
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                \begin{document}$$\mu _0 \sim 1$$\end{document}$ GeV is the minimum scale for the the integrated (collinear) PDFs. In order to extend the TMD to the region $\documentclass[12pt]{minimal}
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                \begin{document}$$k_t< \mu _0$$\end{document}$, we tested three methods. One is to set the TMD proportional to $\documentclass[12pt]{minimal}
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                \begin{document}$$k_t$$\end{document}$, the second is to freeze the TMD at $\documentclass[12pt]{minimal}
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                \begin{document}$$k_t= \mu _0$$\end{document}$ and the third is taken from Ref. \[[@CR22]\] and is used here:$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \mathcal {A}_i (x, k_t^2, \mu ^2) = \frac{1}{\mu _0^2}\,xf_i(x, \mu _0^2)\,\Delta _i(\mu _0^2, \mu ^2). \end{aligned}$$\end{document}$$The TMDs used here (MRW-CT10nlo) are based on the CT10nlo collinear PDF set \[[@CR37]\] including the appropriate running coupling $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _\mathrm {s}$$\end{document}$. In Fig. [1](#Fig1){ref-type="fig"} we show a comparison of the original CT10 parton density with the TMDs constructed here integrated over $\documentclass[12pt]{minimal}
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                \begin{document}$$\mu $$\end{document}$ using the TMDplotter tool \[[@CR31], [@CR38]\]. We observe reasonable agreement, except at large *x*, where the integration limits in the Sudakov form factor play a role. The large *x* region is, however, not relevant for the processes studied here.Fig. 3Transverse momentum distribution of the TMD gluon density at a scale $\documentclass[12pt]{minimal}
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                \begin{document}$$\mu =500$$\end{document}$ GeV (right) obtained with the MRW approach and the CCFM evolution of Ref. \[[@CR39]\]

In Fig. [2](#Fig2){ref-type="fig"} we show the $\documentclass[12pt]{minimal}
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                \begin{document}$$\mu =500$$\end{document}$ GeV for different values of *x*. One can clearly see the treatment of the non-perturbative region of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$k_t< 1$$\end{document}$ GeV. The discontinuity at small $\documentclass[12pt]{minimal}
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                \begin{document}$$k_t$$\end{document}$ comes from the matching procedure in Eq. ([4](#Equ4){ref-type=""}).

In Fig. [3](#Fig3){ref-type="fig"}a comparison of the TMD gluon density as a function of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$k_t$$\end{document}$ obtained with the KMRW method described here and the CCFM evolution as described in Ref. \[[@CR39]\] is shown for $\documentclass[12pt]{minimal}
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                \begin{document}$$\mu =50 (500)$$\end{document}$ GeV. The CCFM gluon TMD shows a very different behavior at small $\documentclass[12pt]{minimal}
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                \begin{document}$$\mu =500$$\end{document}$ GeV the CCFM TMD shows a different behavior, which could originate from the limited range of scales used in the CCFM fit of Ref. \[[@CR39]\].

Initial state parton shower based on TMDs {#Sec4}
=========================================

The parton shower, which is described here, follows consistently the parton evolution of the TMDs. By this we mean that the splitting functions $\documentclass[12pt]{minimal}
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                \begin{document}$$P_{ab}$$\end{document}$, the order in $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _\mathrm {s}$$\end{document}$, the scale in the calculation of $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _\mathrm {s}$$\end{document}$  as well as the kinematic restrictions applied are identical in both the parton shower and the evolution of the parton densities.

A backward evolution method, as now common in Monte Carlo event generators, is applied for the initial state parton shower, evolving from the large scale of the matrix-element process backwards down to the scale of the incoming hadron. However, in contrast to the conventional parton shower, which generates a transverse momentum of the initial state partons during the backward evolution, the transverse momentum of the initial partons of the hard scattering process is fixed by the TMD and the parton shower does not change the kinematics. The transverse momenta during the cascade follow the behavior of the TMD. The hard scattering process is obtained directly using off-shell matrix element calculations as described in Sect. [2](#Sec2){ref-type="sec"}. The partonic configuration is stored in the form of an LHE (Les Houches Event) text file, but now including the transverse momenta of the incoming partons. This LHE files are input to the shower and hadronization interface of [Cascade]{.smallcaps} \[[@CR15], [@CR16]\] (new version +2.4.X+) for the TMD shower where events in HEPMC \[[@CR40]\] format are produced.

The backward evolution of the initial state parton shower follows very closely the description in \[[@CR7], [@CR15]--[@CR17]\]. The evolution scale $\documentclass[12pt]{minimal}
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                \begin{document}$$\mu $$\end{document}$ is selected from the hard scattering process, with $\documentclass[12pt]{minimal}
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                \begin{document}$$Q_t$$\end{document}$ being the vectorial sum of the initial state transverse momenta and *s* being the invariant mass of the subprocess.Fig. 4Left: schematic view of a parton branching process. Right: branching process $\documentclass[12pt]{minimal}
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                \begin{document}$$ b \rightarrow a + c$$\end{document}$
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                \begin{document}$$\mu =\mu _{i}$$\end{document}$, the parton shower algorithm searches for the next scale $\documentclass[12pt]{minimal}
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\Delta _S$$\end{document}$ making use of the TMD densities $\documentclass[12pt]{minimal}
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                \begin{document}$$x'=x z$$\end{document}$ of parton *a*, its transverse momentum $\documentclass[12pt]{minimal}
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                \begin{document}$$\Delta _S$$\end{document}$ for the backward evolution is given by (see Fig. [4](#Fig4){ref-type="fig"} left):$$\documentclass[12pt]{minimal}
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The whole procedure is iterated until one reaches a scale $\documentclass[12pt]{minimal}
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==============================================================================

We show predictions obtained with off-shell matrix elements of $\documentclass[12pt]{minimal}
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First we show parton level results of azimuthal de-correlations of high $\documentclass[12pt]{minimal}
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Predictions including TMD parton showers {#Sec6}
----------------------------------------

In Fig. [5](#Fig5){ref-type="fig"} we have shown the advantage in using TMD parton densities compared to a fixed order collinear calculation: due to the resummation of multiple parton emissions in the TMD parton density, the phase space for multi-jet production is covered, as seen in the tail to small $\documentclass[12pt]{minimal}
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In Fig. [7](#Fig7){ref-type="fig"} we show predictions for the azimuthal de-correlation $\documentclass[12pt]{minimal}
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It is important to note, that there are no free parameters left: once the TMD parton density is determined, the initial state parton shower follows exactly the TMD parton distribution. The TMD parton distribution is the essential ingredient in the present calculation, and a precise determination of the TMD parton distribution over a wide range in *x*, $\documentclass[12pt]{minimal}
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Conclusion {#Sec7}
==========

A new calculation using off-shell matrix elements with TMD parton densities supplemented with a newly developed initial state TMD parton shower has been presented. The calculation is based on the [KaTie]{.smallcaps} package for an automated calculation of the partonic process in high-energy factorization, making use of TMD parton densities implemented in TMDlib. The partonic events are stored in an LHE file, similar to the conventional LHE files, but now containing the transverse momenta of the initial partons. The LHE files are read in by the [Cascade]{.smallcaps} package for the full TMD parton shower where events in HEPMC format are produced for further processing, like with Rivet.

We have determined a full set of TMD parton densities using the KMRW approach, which include all flavours and are valid over a wide range in *x*, $\documentclass[12pt]{minimal}
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We have developed an initial state TMD parton shower, including all flavors and following the TMD distribution, without the need for adjusting further parameters.

As an example of application we have calculated the azimuthal de-correlation of high $\documentclass[12pt]{minimal}
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                \begin{document}$$p_t$$\end{document}$ dijets as measured at the LHC and found very good agreement with the measurement. It is remarkable, that using TMDs with off-shell matrix element calculations covers already a larger phase space than is accessible in collinear higher order calculations. Including initial state TMD parton showers together with conventional final state parton showers gives a remarkably good description of the measurements, which opens the floor for a rich phenomenology at the LHC making use of the advantages of automatic off-shell matrix element calculations with a fully TMD consistent parton shower.
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